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ABSTRACT: Rheumatic heart disease (RHD) affects heart-valve tissue and is the most serious consequence of group A Streptococcus infection. Myxomatous

degeneration (MXD) is the most frequent valvopathy in the western world. In the present work, key protein expression alterations in the heart-valve tissue

of RHD and MXD patients were identified and characterized, with controls from cadaveric organ donors. Proteins were separated by two-dimensional

(2D)-electrophoresis and identified by mass spectrometry. We found 17 differentially expressed protein spots, as compared to control samples. We observed

an increased expression of ASAP-2 in the RHD patients’ valves, while collagen-V1, haptoglobin-related protein, prolargin, and cartilage oligomeric protein

showed reduced expression. Valve tissue of MXD patients, on the other hand, presented lower expression of annexin-A1 and A2, septin-2, SOD (Cu/Zn),

and transgelin. Tissue samples from both valvopathies displayed higher expression of apolipoprotein-Al. Biglycan was downexpressed in both diseases.

Vimentin and lumican showed higher expression in RHD and lower in MXD. These results suggest that key pathogenetic mechanisms are intrinsically

distinct in RHD and MXD.
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Introduction

Rheumatic fever (RF) is a post-infectious autoimmune
disease that follows sore throat caused by Streptococcus pyogenes
in untreated susceptible individuals. Human infection by
§. pyogenes, a Gram-positive bacterium, may also have several
distinct clinical presentations besides pharyngitis, such as
pyoderma, impetigo, toxic shock syndrome, necrotizing fas-
ciitis, and puerperal fever.! Rheumatic heart disease (RHD) is
the most serious complication of RF, leading to chronic valvar
lesions. The estimated worldwide prevalence of RHD is more

than 15.6 million cases, and it is responsible for approximately
233,000 deaths annually.? Cases occur almost exclusively in
developing countries.

The tissue most commonly suffering from severe dam-
age by the chronic heart autoimmune reactions is the mitral
valve, followed by the aortic valve. Although the myocar-
dium can also be affected during acute RF, the lesions are
self-limited and disappear in a few days or weeks, while the
valve damage is progressive and permanent. The hallmarks of
the disease include valve scarring, thickening of the chordae,
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leaflet verrucae, and angiogenesis. Heart-valves are organized
connective tissue structures containing mainly two cell popu-
lations, the valve interstitial cells (VIC) that are responsible
for extracellular matrix (ECM) turnover and valve endothelial
cells (VEC) that surround the valve leaflets.’

Recurrences of acute RF episodes play an important role
in valve disease progression because of the inflammatory pro-
cess, which involves the reactivation of autoreactive T cells.
In RHD, CD4" infiltrating T cells cross-reactively recog-
nize bacterial and human proteins and produce Th1 inflam-
matory cytokines, such as TNF-o and IFN-v.* So, RHD
develops as autoimmune reactions in the valvar tissue, in the
absence of S. pyogenes, because of a previous throat infection
by the bacterium.

Genetic susceptibility is an important feature for the
development of RHD. Several gene polymorphisms have been
implicated, most of which are involved in the activation of the
immune response.5

One recent hypothesis regarding the development of
RHD lesions implicates the involvement of the sub-endothelial
ECM. Histological findings and immunological studies in
various organs, such as heart and vasculature, have suggested
that connective tissue may be a common site for many mani-
festations of the disease.®

Myxomatous degeneration (MXD) is another valvopathy
that preferentially affects mitral and aortic valves.” The disease
is characterized by elastic fiber alterations, ultimately inducing
valvar dysfunction through valve prolapse, chordae rupture,
and mucopolysaccharide accumulation. It also causes collagen
disorganization and elastic fiber fragmentation.® Although it
is the most common valve disease in the United States and
Europe, its pathophysiology remains largely unknown.’ In
contrast to RHD, MXD is not associated with inflammation.
Connective tissue dysfunction is likely the most important
component of this disease.! Genetically modified mice with
constitutive expression of the highly catabolic metalloprotei-
nase MMP-2!! or ablation of the PRKARI1A gene,'? which is
involved in protein kinase A signaling, induce myxomatous
changes in heart-valves of mice. In spite of the aforemen-
tioned information, the valve proteins differentially involved in
matrix remodeling between RHD and the non-autoimmune
MXD remains elusive.

In the current work, we present a comprehensive set of
proteomic analyses that shows a distinctive pattern of molec-
ular signature between RHD and MXD valve lesions, and
identify ECM proteins that are differentially expressed in
RHD and MXD human mitral valves. To our knowledge,
our results present the first high-throughput comparison of
protein expression in RHD and MXD human mitral valves.

Methods

Sample collection. Mitral valve fragments were obtained
at the time of surgery, from Brazilian adult individuals
ethnically heterogeneous. The samples were separated into the

two following groups: RHD with mitral valve lesions (7 = 6,
mean age = 45 years, 33% male, 66% female) and MXD with
mitral valve lesions (7 = 4, mean age = 60 years, 50% male,
50% female), who underwent surgery for valve replacement.
The control group (CTL) consisted of mitral valve biopsies
obtained from cadaveric organ donors without history of val-
vopathies (7 =4, mean age = 43 years, 50% male, 50% female).
All valve tissues were dissected and frozen in liquid nitrogen
immediately after cerebral death was declared, and the donor
organs were removed (heart, liver, and kidney). This study
was approved by the Ethics Committee from Heart Insti-
tute, School of Medicine, University of Sdo Paulo (number
0053/07). Signed informed consent was obtained from all of
the patients or from the relatives of organ donors prior to their
inclusion in the study.

Protein extraction and two-dimensional (2D) differ-
ential gel electrophoresis (2DE-DIGE). Unless otherwise
stated, the reagents used for 2D-DIGE and mass spectrom-
etry were purchased from GE Healthcare, Upsalla, Sweden.
All the biopsied tissues were maintained in liquid nitrogen
until processing. The samples were washed three times in ice-
cold Tris-buffered saline (TBS) to remove blood contami-
nants; they were then disrupted in lysis buffer (urea 7 mol/L,
thiourea 2 mol/L, CHAPS 4%, Tris—HC10.15 mol/L, pH 8.8)
at 4 °C. The homogenates were sonicated in an ice bath, centri-
fuged at 10,000 x g for 45 minutes at 4 °C, and the pellets were
discarded. Low molecular weight interferents were removed
from the supernatants by dialysis in a 3.5 kDa cut-oft mem-
brane for 48 hours at 4 °C. The homogenates were then dried
by vacuum centrifugation. The samples were resuspended
in the same lysis buffer, and the protein was quantified by a
modified Bradford method (Bio Rad Laboratories, Hercules,
CA, USA). For accurate detection of differentially expressed
protein spots, we used fluorescently labeled cyanines (Cy2™,
Cy3™, and Cy5™). This method allows two samples to be run
in the same gel, labeled with either Cy3™ or Cy5™, together
with a normalizator pool of the samples labeled with Cy2™.
SDS-PAGE (10%) analytical gels were loaded with 50 pg of
each protein according to the manufacturer’s instructions.
Preparative gels were loaded with 650 pg of the pooled sam-
ples plus 50 pg of the Cy2™-labeled pooled samples. Prior to
electrophoresis, isoelectrofocusing (IEF) separation was per-
formed with 24-cm-long strips (pH range 3-11) loaded with
the samples and rehydrated for 12 hours. The gel analyses were
conducted with the Decyder™ software to detect differences
in spot intensity between the control and sample groups and to
calculate the pl (isoelectric point) and molecular mass values
of the protein spots.

Differential expression analysis. The spots with signifi-
cant differential expression in the biological variation analysis
(BVA) module of Decyder™ (P < 0.05) were chosen for dif-
ferential in-gel analysis (DIA) in the same software in an ini-
tial approach to statistical analysis of differential expression.
In the first place, we performed an unsupervised hierarchical
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clustering algorithm of all the differentially expressed proteins
in the samples, using Pearson distance measure, which takes
into consideration trends of similarity, and complete linkage
of adjacent spots. Each line represents the relative abundance
of a differentially expressed protein in each sample. Each col-
umn represents the protein extracts from a patient. Then we
performed principal component analysis (PCA), with calcula-
tion of two principal components for grouping samples (data
not shown). Protein spots with differential expression of valve
samples from both groups (RHD and MXD) were also cal-
culated in DIA, in which each sample was compared with the
control (data not shown). The significance was evaluated using
the ANOVA #test (P < 0.05).

Mass spectrometry. Differentially expressed spots were
excised and submitted to controlled proteolysis with trypsin
(Promega, Madison, WY, USA). The mass-to-charge ratios of the
derived peptides were measured by ESI-MS/MS (Ultima mass
spectrometer, Waters™), with fragmentation of the five peaks
with greater intensity in each protein spot by electron-transfer
dissociation (ETD). The ionic masses were compared to primary
sequence databases using the MASCOT search algorithm.!®

Ingenuity pathway analysis (IPA). We used IPA™
(Ingenuity Systems, CA, USA) to evaluate the biological

relevance of the quantitatively altered protein dataset in the
valve tissue of RHD and for MXD patients. Based on protein—
protein interactions, IPA builds networks and generates
a P-value by using Fisher’s exact test that fits the network to
the user’s set of significant proteins or even genes in a genomic
study. This P-value indicates the likelihood that the proteins

™ score is the

are linked together only by chance. The IP,
negative logarithm of the P-value. The resulting network rep-
resents the molecules connected directly and indirectly, with
experimental validation in the human proteome, according to

IPA database.

Results

Protein separation and analysis. The mitral valve
proteins were separated by 2D-DIGE, resulting in 451
detected protein spots. The supplementary table shows
all the proteins that could be identified. The BVA analy-
sis allowed the identification of 27 protein spots differen-
tially expressed between gels (P < 0.05). These spots were
identified (Fig. 1) and allowed to cluster the valve samples
according to clinical type by hierarchical clustering algo-
rithm (Fig. 2) indicating the existence of disease-specific
protein expression profiles. In a more accurate analysis,

3« pH > 11
oo COLBA1
ASAP2
" 5
y
97  Lum+FMOD
\ VTNC+LUMI+FMOD
e L R
R
)
66 ' PRELP+IGG
\ co3
PRELP+LUMI %
% LUMI+VIME /—ENO /
SEPT2+PGS1
p— __pest
VIME 1846 /
/ ANXA1 ANXA2
APOA1
30 SODM
PEBP14\
SODC
14 / / PRDX
e TGLN
n - HPRT Pa— -
P — — 4

Figure 1. Preparative gel and differentially expressed spots. 2D-DIGE analysis of homogenates from a representative gel. The arrows represent the
identification of the differentially expressed spots, according to UNIPROT accession codes for human proteins. Differences were considered to be

statistically significant for P < 0.05 between groups.
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Spot protein identification
1525 Annexin A2
1748 Phosphatidilethanolamine binding protein
1208 Prolargin + IgG (heavy chain)
1435 Biglycan
1343 Lumican + Vimentin
1755 Superoxide dismutase (Mn)
1758 Peroxirredoxin
1790 Transgelin
1779 Superoxide dismutase (Cu/Zn)
1787 Haptoglobin-related protein
1789 Transgelin

912 Lumican + Fibromodulin
1697 Vimentin
1257 Prolargin + Lumican
1635 ASAP2
1719 Apolipoprotein A1
1764 Not identified

968 Vitronectin + Lumican
1846 Not identified
1823 Collagen type VI
1832 Cartilage oligomeric matrix protein
1354 Enolase
1357 Fragment C3
1456 Biglycan

1820 Annexin A1
1439 Septin-2 + Biglycan
1793 Vimentin
RHD CTL MXD
B
#7|5|3|4|1|6|17|20|19|18|9|11|10|12 -1 +1

Figure 2. Differential protein profile. Hierarchical clustering of 27 spots with differential expression between the gels was grouped according to protein
expression profile. Each line represents a protein spot, and each column, a sample. Distance measure: Pearson, with complete linkage between neighbor
spots and samples. Valve tissue from patients: RHD (n = 6) and MXD (n =4); CTL (n =4). The symbol # denotes the sample identifications.

taking the initial set of the 27 highly differentially expressed
protein spots between the gels, we could identify 17 proteins
with significant difference in expression (P < 0.05) between
the groups. Table 1 shows information about these differ-
entially expressed proteins. Exclusively in the RHD group,
we found an increased expression of vimentin, lumican, and
ASAP-2 (development and differentiation-enhancing fac-
tor-2), whereas collagen-VI, haptoglobin-related protein,
prolargin, biglycan, and COMP (cartilage oligomeric matrix
protein) displayed a lower expression. However, the MXD
group showed a reduced expression of vimentin, annexin-Al
and -A2, biglycan, septin-2, superoxide dismutase (Cu/Zn),
transgelin, and lumican. Only apolipoprotein-A1 was upregu-
lated in both RHD and MXD patients, compared to control
valve tissue.

Predicted protein—protein interactions in valve damage.
The differentially expressed proteins generated distinct
lists that were uploaded in IPA (Ingenuity” Systems, www.
ingenuity.com) and analyzed based on the content of October
2013. The IPA network maintains a graphical database of net-
works of interacting genes (Ingenuity Knowledge Base, IKB).
'The significance of the association between each list and the
pathway was measured by Fisher’s exact test. As a result,
a score-value was obtained, determining the probability that the
association between the genes in our data set and the network
generated can be explained by chance alone. Molecules are rep-
resented as nodes, and the biological relationship between the
two nodes is represented as an edge. All edges are supported
by at least one reference from the literature, from a textbook,
or from canonical information stored in the IKB. This predic-
tion reinforced the differential altered protein pattern in both

RHD and MXD heart-valves. The networks indicate major
protein interactions, quantitative alterations, and connecting
functional elements that could not be extracted from the
experimental data alone in the resulting scale-free topology
of the network. These networks for RHD (Fig. 3A) and for
MXD (Fig. 3B) presented high likelihood, with scores of 13
and 14, respectively. The protein with the highest centrality
(measured by the number of edges linked to it) in the two
networks is vimentin, presenting opposite expression changes.
An important hub is TGF-beta, in both network predictions.
Of note, the proinflammatory cytokine TNF-alpha is part of
the network predicted for RHD, but not for MXD. Another
crucial difference between the two networks is the involve-

ment of MMP-25 in RHD.

Discussion

The data presented here associated differential expression
of structural and ECM proteins with mitral valve damage
in patients with end-stage RHD. The significant changes
observed in the abundance of key cardiovascular proteins,
such as vimentin, lumican, biglycan, and apolipoprotein-Al,
strongly suggest that they can be involved in the pathogenesis
of both RHD and MXD, but in different ways, and represent
a molecular signature in valve lesions.

Among the 451 protein spots detected in the gels, an
initial hierarchical clustering of 27 protein spots differentially
expressed between the gels clustered the three study groups
(RHD, MXD, and CTL). Differential expression mainly in
ECM proteins indicates a tissue disordered in RHD valves.
However, in the MXD group these alterations were found to
be more evident in cytoplasm or plasma membrane proteins,
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Figure 3. In silico analysis of the proteins differentially expressed in the valvopathies. IPA® was used to build a network of direct (solid lines) and indirect
(dashed lines) interactions between proteins with differential expressions compared to the control group. Symbols in red denote proteins with increased
expression and green decreased expression. The molecules in blank were added by the software and are predicted to be altered in each figure.

(A) Network of protein—protein interactions for RHD: score of 13 and (B) the same network for MXD: score of 14.

indicating metabolic alterations. Some of these proteins appear
in more than one spot, likely reflecting post-translational
modifications, isoforms, or protein cleavage.

We observed a 42 kDa form of vimentin differentially
expressed in the valves of the RHD patients. Vimentin is a
structural protein that forms intermediate filaments through-
out a regulated network of serine recognition sites. This pro-
tein binds to single-stranded nucleic acids via two repeats of
a B-ladder DNA-binding wing located in its head domain.!*
Recent studies have demonstrated additional roles for vimentin
such as binding and stabilization of collagen mRNAs."> In
previous studies, we demonstrated that vimentin is recog-
nized as an autoantigen by valve-infiltrating T lymphocytes
in the valvar tissue.!® In the experiments performed here,
most of the sequenced vimentin peptides were derived from
the N-terminal portion of its primary sequence. Consistent
with these data, 40 kDa vimentin proteolytic fragments have
been described as initiators of neoangiogenesis in endothelial
cells via a mechanism that depends on the MT1-MMP met-
alloprotease translocation to endothelial membranes.!” In the
context of RHD, vimentin fragments may represent an auto-
immune target (as described above) or a neoangiogenesis ini-
tiation factor in valvar tissues. However, patients with MXD
did not display altered vimentin expression, suggesting that
the mechanisms leading to valvar disease are distinct from
those observed in MXD.!®

Collagen-VI expression, on the other side, was remark-
ably decreased in the RHD groups. It is a structural compo-
nent of the ECM whose alpha chain has 108 kDa. Previous
studies have demonstrated that PARF, an octapeptide of dif-
ferent collagen regions, can induce antibodies that trigger
a response that mimics RHD in rats.”” As collagen-VI and

collagen-IV are known to interact,?’ one can speculate that
collagen type-IV autoantibodies might also be responsible for
valve lesion development in humans with RHD. Collagen-1V,
whose alpha chain has 161 kDa, could not be evaluated by the
method used.

Like collagen, lumican is present in the ECM of human
cartilaginous tissues.?! Lumican is a member of the small
leucine-rich proteoglycan (SLRP) family and plays a regu-
latory role by orienting and ordering collagen fibrils, tissue
hydration, and tissue repair and regeneration.?»?* Lumican
expression has been observed in several tissue types, such as
cartilage,?* lung,” and arteries.?® Although the immature
form of lumican is a proteoglycan, it exists predominantly in
a glycoprotein form that lacks keratan sulfate. Several studies
have demonstrated that lumican and other SLRP members can
modulate cell migration and proliferation in tumor growth.?’
We observed that a spot in which lumican was differentially
expressed migrated with an apparent molecular mass of
72 kDa, while the entire protein has a mass of 38.4 kDa. This
mass difference likely reflects glycosylation because lumican
contains four glycosylation sites. In addition, molecules such
as laminin and N-acetyl B-D-glucosamine have been reported
to represent targets of cross-reactive antibodies in RHD-
affected valves.?®? Like collagen-IV, laminin was beyond the
molecular mass range of the analysis and could not be evalu-
ated. Laminin antibodies, however, may interfere in the inter-
action with lumican, decreasing the availability of this protein
in the valves to bind to collagen-V1.

We also observed that vitronectin, a glycoprotein with
molecular mass of 53 kDa, showed increased expression in
the RHD group. These results were consistent with stiffness
and fibrosis of valvar inflamed tissues that occurs as a result of
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vitronectin accumulation,’® as this protein is highly involved
in rigidity secondary to remodeling. Although vitronectin
regulates adhesion events, it is also involved in a number of
proteolytic enzyme cascades, including the complement,
coagulation, and fibrinolytic systems.?! Vitronectin repre-
sents a unique regulatory link between cell adhesion, humoral
defense mechanisms, and cell invasion.?? In addition, increased
vitronectin depositions have been observed in areas of tissue
injury and necrosis. It is possible that the increased protein
levels reflect the process of tissue injury in both diseases.

The in silico analysis predicted the involvement of impor-
tant molecules in the protein—protein interaction networks
generated, such as TNF-alpha and MMP-25 involvement in
RHD, but not in MXD. The former is an important proin-
flammatory cytokine, whose high levels in the valve tissue
have already been described in RHD.3¥ MMP-25 is a met-
alloprotease highly involved in matrix degradation,3* but its
role in RHD has not been described yet. Our current work is
the first, to our knowledge, to associate metalloprotease to the
development of RHD.

Although we expected similar protein expression profiles in
the two valvopathies studied, because fibrosis is a common clini-
cal manifestation of these diseases in end-stage, as a result of
remodeling mechanisms in both MXD?* and RHD,?¢ remark-
able molecular differences were observed. The results of our study
can show a clear distinct pattern, exclusive in each disease state
that may help explain the clinical findings according to mole-
cular alterations, both observed and predicted in silico.

Conclusion

In conclusion, an overall protein imbalance was observed in
the valvar constituents, mainly in the ECM. These changes
highlight the importance of a differential protein expression
profile in the progression to RHD, once the structural integ-
rity of valve tissues is lost, reflecting dysfunction of interstitial
cells that are responsible for its maintenance.’” The heart-
valve tissues analyzed represent end-stage disease and may
not reflect all the pathogenetically relevant steps. Our results
promote a deeper understanding of mitral valve end-stage
lesions mediated by matrix disorganization and autoimmune
responses. Moreover, the specific molecular signatures may
represent potential biomarkers for RHD.
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